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FOREWORD

This report is a summary report of the researches performed under
NASA Grant N8G339 for the period 31 January 1966 to 15 September 1966 on
éhé synthesis of heat-resist#nt pol&mers. The technical aspect of this
grant is administered by Mr. Bernard Achhammer, Offfice of Advanced Research
and Technology, NASA Headquarters, Washington, D. C. 20546.

The research under this grant is being conducted in the Department
of Chemistry, University of Notre Dame, Notre Dame, Indiana 46556
under the technicsl direction of Professor G. F. D'Alelio, principal
investigator.

This report covers studies performed by G. F. D'Alelio and Richard
Schoenig. The technical assistance of P. R. Johnson and D. R. Rao for

the period of June 15, 1966 to September 1, 1966 is acknowledged.

> f): .
Signed .
« F. D'Alelio

Principal Investigator )
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ABSTRACT

Some kinetic parameters concerning the decomposition of the yellow,
low molecular weight polyazines and the black, hjigher molecular weight
azine polymers were investigated. Thermogravimetric analysis (TGA) and
differential thermal analysis (DIA) techniques were used, as required in
the Freeman and Carroll method. This method yields the order of reaction
snd the energy of activation from examination of the weight loss TGA
traces of the decomposing polymer. The supplemental method of Flynn
and Wall, which yields approximate energies of activation from TGA plots,
was also employed.

A direct one-step synthesis of a high molecular weight black poly-
azine which uses only simple constituent compounds was demonstrated and

shoun to be feasible.

Studies were initiated toz attexpt to determine molecular weights of
black azine melt polymers by the method of end-group tagging with a
charumiﬁbln moiety and subsequent elemental analysis for the presence
of that group. |
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EXPLORATORY STUDIES ON THE SYNTEESIS OF POLYMERIC AZINES

1. Introduction.

In two preceding ::epcart:sl’2

results concerning the syntheses and
evaluations of monomeric and polymeric azines were presented. These results
indicated that polymeric azines of the general formula, =$HC-Ar-CH=N-Ni= ,
where Ar represents s divalent sromatic moiety, decompose at elevated tem-
peratures (350-400°C) yielding a thermally stable polystilbene-type
polymer, ={£&C-Ar-cu=]=n. This reactivity in the polyazines was predicted
on the basis of preliminary studies concerning the decomposition of azine
monomers, which are known3 to decompose as follows:

Ar-CHsN-NeiC-Ar £ 3  Ar-CHeHC-Ar + No|. (eq. 1)
The mechanism for the decomposition of the monomeric azine, set forth by
Zimmeyman and Souuekhara," has been showm to be essentially an ionic
chain mechanism involving phenyldiazomethane, Ar-?ﬂ-%i, a8 the chain-
carrying species in a first order reaction. In order to determine whether
this mechanism, operative in the monomeric decomposition, is also applicable
in the case of the polymaric decomposition, the order of reaction and the
energy ot :mvation for the decomposition of the monomer, benzalazine,
, glis, and the polymer, polybenzalarine, -iaocau,,-cn-umi-n,
wers ob:mhu; The data on the polymsr decomposition was obtained by

application o! the method of Freeman and Carroll® which utilizes plots of
veight loss versus time obtained in a thermal gravimstric analysis of the
polymer; and subsequent application of derived kinetic formulse yielded the
order of reaction and the energy of activation.

In this report this method of kinetic evaluation is extended to two



different low molecular weight azine polymers,

amgbm ;}‘;.u-uaﬂ and ﬂibm ;ﬁiu-nﬁ .

in an attempt to datermine the effects, if any, of such parameters as
hydrogen bonding {(O-H*°°N) on the order of reaction and energy of activation.
&n analysis of the kinetic parameters of the black azine polymers pre-
pered by & melt process was also attempted but this method failed to yield
any conclusive results., A recent method for evaluation of the energy of
activation for substances undergoing decomposition has been set forth by
Flynn and H311.6 This relatively simple method gives approximate activa-
tion enexgies by a consideration of (1) a constant weight loss of the poly-
mer, and (2) the corresponding temperatures at that constant weight loss as
& function of the heating rate. This method was employed on the three
yellow azine polymers previously mentioned in connection with the method
of Freeman and Carroll.s
This report also contains preliminary studies to determine the approxi-
mate molecular weight of the black polyazine polymers by tagging these

polymers with a characterizable end group such as fluorine and chlorine.

It was --_cmlated that such & polymer might then be suitably purified and

Wy

.t analysed for the characteristic end group by elemental analysis.
Such an analysis coupled with a kn&ledga of the repeating unit in the poly-
mer :houldm enasble an ayptouinﬁto molecular weight sstimate to be made.
It was aluﬁolt possible to arrive at some approximste condensation kinetics
for the forﬁtton of the polyazine by determining the degres of polymeri-
sation, 5?. also from end group elemental analyses, as a !unction‘ of time.

The feasibility of synthesizing directly a black polyazine polymer in



& reaction involving only the simplest compounds such as aniline, hydrazine,
benzaldehyde and terephthaldehyde was also demonstrated.

II., Syntheses of Monomers.

In order to prepare azine polymers with suitable tagged end groups,
NVW‘-—N'MCQX and m.___u-lhﬂcz;‘gm where X = F or C1, and

Y = F, a series of appropriately substituted monomers was synthesized.

A. Experimental .
1 A~39-106) Synthesis of 4,4'-Dichlorobenzalazine.

p-Chlorobenzaldehyde, 5.000 g. (0.035 M), was dissolved in 50 ml. of
95% ethanol. To this solution was added anhydrous hydrazine, 0.570 g.
{0.018 M). The ethanolic solution was heated at reflux for five minutes
on a steam bath and then allowed to cool. The crystalline product was
collected by suction filtration from the cold ethanocl and washed several
times with water. The resulting yellow solid was dried in 2 vacuum oven
at 110°C. The yield was essentially quantitative. The observed m.p. was
212-213°C; litersture’ 211°C.

2. (DA-39-104) Synthesis of p-Xylilidine-4,4'-dichloroanil.

Terephthaldehyde, 10.00 g. (0.C74 M), was dissolved in 125 ml. of
boilingteuum in a flask fitted with a Dean-3tark apparatus, a magnetic
stirte'.’f\,’: aulu nitrogen inlet. To this solution was added p-chloroaniline,
19.00 s.. (0.168 M). The reaction proceeded until tha-theorétiul smocunt of
water was collected in the trap. The benzene was then evaporated to leave
a yellow solid vhich was recrystallized from 95% ethanol. The yield was
essentially quantitative. The cbserved m.p. was 180-181°C.



Analxsis:a Calc'd for CoqH;,CloNp: C, 68.00; H, 3.99; Cl, 20.07; N, 7.93.
Found: C, 67.98; H, 4.02; C1, 20.11; N, 7.91,
3. (DA-39-124) Synthesis of Perfluorobenzalazine.
Pentafluorobenzaldehyde, 2,00 g. (0.010 M), and hydrazine hydrate 85%
in water, 0.36 g. (0.005 M) were both dissolved in 30 ml. of refluxing
benzene in a flask equipped with a Dean-Stark apparatus, magnetic stirrer,
and nitrogen inlet. The reaction was allowed to continue until the theo-
retical amount of water had been collected. The benzene was then evaporsted
and the yellow product recrystallized from 95% ethanol. The yield was essen-
tially quantitative. The observed m.p. was 139-140{c.
Analysis:? Calc'd for Cy HpPyoN,: €, 43.31; H, 0.52; F, 48.95; N, 7.22,
Found: C, 43.09; H, 0.79; P, 48.99; N, 7.42.

4. (DA-39-125) Synthesis of p-Xylilidenediperfluoroanil.
Terephthaldehyde, 1.46 g. (0.011 M), and pentafluoroaniline, 4.00 g.

(0.022 M) were mixed in 25 ml. of refluxing benzene in a flask equipped
with a Dean~-Stark apparstus, magnetic stirrer, and & nitrogen inlet. The
reaction was catalyzed by a small amount of zinc chloride. The reaction
was continued until the theoretical amount of water was collected in the
trap. The benzene was evaporated and the solid obtained was recrystallized
from b&ﬁgﬁ;ﬁ:ﬁ”tﬁu‘yicld obtained wes S0% of the theoretical. The observed
m.p. was 207-208°C.

fpslysis:® Calc'd for CogiPy iyt C, 51.74; B, 1.30; P, 40.92; N, 6.04.

Found: C, 51.71; H, 1.27; F, 40.84; N, 6.28.
39« esis o 4 ens. .

p~Fluorobensaldehyde, 3.00 g. (0.024 M), and hydrazine hydrate 85% in

vater, 0.71 g (0.012 M), were added to 30 ml. of refluxing benzsene in s flask




equipped with a Dean-Stark apparatus, a magnetic stirrer, and a nitrogen
inlet., The reaction was stopped when the theoretical amount of water had
been collected., The benzene was evaporated and the resulting solid recrys-
tallized out of benzene, The yield obtained was 93%. The observed m.p.
was 188.5-189.5°C. '
Analysis:® Calc'd for Cy4;oFaNp: C, 68.84; H, 4.13; F, 15.59; N, 11.47.
Found: C,69.07; B, 4.43; F, 15.72; N, 11.45.
6. (DA-46-25) Synthesis of p-Xylilidene-p-difluorodianil.
p-Fluoroaniline, 11.10 g. (0.100 M), and terephthaldehyde, 6.70 g.
(0.050 M) were mixed in 180 cc. of refluxing benzene in @ flask equipped
with a Dean-Statrk apparatus, & magnetic stirrer, and a nitrogen inlet., After
about eighteen hours of refluxing, the calculated amount of water was col-
lected in the trap and the reaction ceased. The solution was filtered hot
and the filtrate then allowed to crystallize. The yield was essentially
quantitative. The observed m.p. was 153-154°C.
Analysis:® Calc'd for Cogf;,FoNp: C, 74.85; H, 4.41; F, 11.91; N, 8.81.
Found: C, 74.55; H, 4.27; P, 12.32; N, 8.82,

11I. Syntheses of Polymers.

In;thgfprovioun.repo:tel’z

it had been demonstrated that the bis-
exdhanﬁ@?iﬁ&hod as exemplified by equation 2 was the best method of polyazine

ayntheoi!:
n CglsCH=N-R-HCCHg + 0 capsn-acc6p4pa-ucﬁns-Jag--4>

wfiCCH, Cla-M=, + 2n Osﬂs@-ﬂcsﬂsT (eq. 2)
This method was shown to produce black, infusible, high molecular
weight polyazine polymers which pélsonoed excellent thermal stability. Im
an attempt to produce such & thermally stable polyan; more directly in @
single step, a synthesis was carried out ewploying the four reagent com-

5



pounds: benzaldehyde, hydrazine, terephthaldehyde and aniline.

It was also considered desirable to synthesize a black polyazine by the
bis-exchange method which contained fluorine end-groups for subsequent use
in molecular weight determinations in those cases where the polymer had been

exposed to elevated temperatures,

A. Experimental.

1. (DA-39-139) Synthesis of Fluorine Tagged Black Polymer.
Perfluorobenzalazine, 0.4938 g. (1.27 x 10"3 M), and p-xylilideneper-

fluorodianil, 0.5905 g. (1.27 x 10’3 M), were mixed in a tube equipped with
a side arm. The tube was placed in a heating block and maintained at 230°C.
The melt gradually darkened in color and grew more viscous. After twenty
hours the pressure was reduced to 2.5 mm Hg and kept there for twenty-four
hours. The reaction was then stopped and a black, glassy polymer recovered.

2. _(DA-39-137-A) Direct Synthesis of Polyazine.

Benzaldehyde, 1.000 g. (9.00 x 10°3 M) and terephthaldehyde, 0.461 g.
(3.00 = 10'3 M) were added to a microflask in an inert atmosphere of nitrogen.
To this was added a mixture of 0.6406 g. (6.90 x 1073 M) aniline (freshly
distilled), and 0.1900 g. (4.70 x 10.3 M) hydrazine (85% in water). The
ndxturo bectne exothermic with the formation of a pasty yellow eolid. The
teuperacutt iﬂs raised gradually to 230°C aver a one-hour p-rtod during
which tins thc yellow solid eventually melted and a dark 1iquid resulted.
The tempersture was raised to 250°C and held there for twenty-four hours,
during which iina the liquid increased in viscosity, and darkened in color;
After twenty-four hours the microflask was equipped for distillation and the
pressure reduced to 1.5 mm Hg for sixteen hours. Some by-product appeared

in the distillstion heasd and & glassy, black polymer was recovered.



3. «39-137- ermal Evaluation of Direct thesis of
ol A=39- .

The black, glassy, infusible polymer obtained from the one-step direct
synthesis method was evaluated for thermal stability by means of thermsl
Gravimetric Analysis (TGA). The thermogram for this polymer i{s shown in
Appendix No. 1. Trace A represents the weight loss incurved vhen the ssmple
was heated initially in s nitrogen atmosphere at 15°C per minute. Trace B
represents the weight loss curve obtained when the polymer, previously
heated to 1176°C in nirrogen, was then cooled and reheated at 15°C per
minute in air.

B, Discussion.

The results of the two previous experiments indicate thet it is possible
to obtain a thermslly stable, high molecular weight, black polyazine by a
direct reaction of the constituent reagent compounds. This conclusion is
Justified by examining the 7GA thermogram of this polymer (Appendix No. 1).
Its traces are quite similar to those of black, high molscular weight poly-
azinea obtained by the method of bis-exchange employing appropriate derive-
tives of the reagent compounds as shown in Appendix No. 2. It is probable
that the bydu:i.ne, being :lnhcreutly more reactive than the aniline, reacts
firsc ws.m tve gl,&hydn fmm several possible Schiff-base compounds
3 ‘ m uﬂ.m then most prebably rescts with the remeining
benulm and residual texephtheldehyde to form additionsl 8chiff-base
ce-pm qhuh can then react in & bis-exchange resction yielding the
desirved pclpn. This method of synthesis obviates the necessity of pre-
paring aadf:puufying the derivative compounds necessary for the dis-exchange.

The n;neboau of the fluorina-tagged polymer proceeded iu much the

same fashion as the untagged with the exception that the tagged polymer



appeared to be much more soluble than the untagged variety.

1V. Attempts to Detexrmine Molecular Weights of Black Azine Polymers,

In a previous report2 the approximate molecular weight of a low mole-

cular weight, yellow azine polymer, prepared by direct condensation in
solution, was determined to be about 700, corresponding roughly to a tetramer.
This assignment was made on the basis of infrared spectroscopy and elemental
analysis. It is desirable to have also some reliable estimate of the mole~
cular weight of the corresponding black azine polymers obtained by the melt
techniques, Most conventional means of molecular weight determination were
not applicable due to the very limited solubility of these polymers, that is,
they are essentially insoluble in all solvents except strong acids, which
most likely degrade them. Thus it became necessary to attempt other methods.
One method which was believed to be applicable was that of end group tagging
and subsequent analysis for the presence of the end group in the final
polymer. It had also been observed in previous experiments that as poly-
merization proceeded a distinct color sequence was noted. The initial melt
solutions were invariably yellow in color, and as the reaction proceeded the
viscosity of the melt increased predictably as the molecular weight also
1ncreag§§af’ . Also, the color of the melt changed from the initial yellow to
Oﬁtl&l{l; tﬁ,hmmm eventually to black. The final transformation in-
volvéd the bubbl:lng of the very viscous black meit and eventual solidifica-
tion. It vn hopcd, therefore, to determine the molecular weights of the
polynér at each general color stage in the reaction by the previously men-
tioned method of tagging and analysis, and to obtain some correlatiom of
observed color with approximate molecular weight. The end groups decided
upon were aromstic halogens, specifically chlorine and fluorine. JFluorine,

(1]



being more thermally stable, was the end group of choice when elevated tem-
peratures were involved in the polymerization. The method of analysis
chosen was elemental analysis by a professional analyzing service. This
particular method lends itself to the polyazine since the method of syn-
thesis, that is, the bis-exchange, is8 uniquely suited for the placing of
desired end groups on the polymer. An example of such a reaction is seen

in equation 3.

n c1@ca=u-u=ac@c1 +n CI-@NﬁC-@CH--N-@CI AN
c1«C:>u=£30<Cj>ca=u-usﬁuc<C:>c1'+ 2n c1<C:>cn=n<:j>c1 (eq. 3)

Also it was believed that a purification process could be developed for
the polymers since the entrapped by-product and any unreacted monomer could
be removed by extensive extraction with & suitable solvent, that is, one in
which the undesirable products were soluble and the polymer insoluble.

A. Experimental.

1. (DA~-39-105-A) Synthesis of Low Molecular Weisht Yellow
Melt Polyazine.

2,2'-Dichlorobenzalazine, 1.0015 g. (0.0036 M), and p-xylilidene 4,4'-
dichlorodianil, 1.2628 g. (0.0036 M) were placed in a reaction tube equipped
with a side arm and a condenser along with a nitrogen gas inlet for an inert
etnosplnﬁ The two solids were heated to 225°C and the resulting melt
kept at. 4
vhen a mw 80l1d button of material was in evidence at the bottom of the

,vuigfn_q'fcutuu for forty-eight hours. The reaction was stopped

tube. poiyu: was then prepared for extraction by being ground to &

fine povd& by shaking in s steel capsule for one minute.
4-39-103-)) Extraction of DA-39-105-
The yellow solid, DA-39-105, 0.1466 g., was placed in a micro Soxhlet

extraction spparatus and extracted for twenty-four hours with 95% ethanol.



At the end of this time the filtrate was clear and gave a negative Beilstein
copper wire test for the presence of halogen as compared to a known positive
sample. The polymer was then recovered, dried in a vacuum oven at 110°C for
several hours. The weight loss of polymer in the extraction amounted to
34.807% and this material was recovered upon evaporation of the filtrate.

The recovered material had a broad melting point, 80-100°C, and its infrared
spectrum, Appendix No. 3, appeared to indicate that it was a mixture of by-
product, unreacted monomer and some low molecular weight oligomer.

3. (DA-39-108-A) Synthesis of Low Molecular Weight Orange
Melt Polyazine,

4,4'-Dichlorobenzalazine, 0.9798 g. (0.0035 M), and p-xylilidene 4,4'-
dichlorodianil, 1.2352 g. (0.0035 M) were mixed in 2 reaction tube equipped
with a side arm and condenser along with a nitrogen gas inlet for sn inert
atmosphere. The two gsolids were heated to 240°C and kept there for twenty-
four hours. The reaction was stopped and an orange button was then recovered.
The polymer was prepared for extraction by being ground to a fine powder
by shaking in a steel capsule for one minute.

4. (DA-39-108-B) Extraction of DA-39-108-A.

The orange gql’.‘id,_ypg-”-loa-A. 0.1125 g., was placed in a micro Soxhlet

extracted for twenty-four hours with 95% ethanol.

extract ion: apperets
At the M#W mﬂu filtrate was clear and gave a negative Beilstein
test for m::m, The recoversd polymer was then dried in & vacuum oven at
110°C for thmmc. The weight loss of the polymer in the extraction
smounted to 70.?6_i and this ‘materisl was recovered upon evaporation of the
filtrate, Agctn“thc tcém;'ed material had a broad melting point.A 80-100°C,
and its infrared spectrum, Appendix No. 4, appears identicsl to that obtained
from DA-39-105,

10



5. (DA-39-110-A) Synthesis of a Brown Polyazine,
4,4'-Dichlorobenzalazine, 0.5055 g. (0.0018 M) and p-xylilidene 4,4'-

dichlorodianil, 0.6373 g. (0.0018 M) were treated as in DA-39-108-A with the
exception thet the temperature was raised and held at 255°C for twenty-four
hours. The reaction wes stopped when an orange-brown button was obtained

in the reaction tube. Thie polymer was prepared for extraction by being
ground in a steel capsule for one minute.

6. (DA-39-112-B) Extraction of DA-39-110-A.

The otrange-brown solid, DA-39-110-A, 0.0978 g., was extracted as in
DA-39-108-B with 957 ethanol. The weight loss of the polymer in the ex-
traction amounted to 60.22% and this material was recovered upon evapo-
ration of the filtrate. The recovered material again exhibited & very
broad melting range, 80-100°C, and its infrared spectrum, Appendix No. 5,
is quite similar to those obtained from extraction of the two previous
polymers,

7. (DA-39-117-A) Synthesis of a Black Fusible Polyazine.
4,4'-Dichlorobenzalazine, 0.5314 g. (0.0019 M) and p-xylilidene 4,4'-

dichlorodianil, 0.6732 g. (0.0019 M) were placed in a reaction tube in an
inert atmosphere. The tube was placed in e heating block and the tem-
peratui&iii ily raised to 290°C agd held there for seven hours. At that
point lwﬁifijA‘*k, viscous melt was in evidence. The tube was then cooled
and a blicﬁ}!ioltd ﬁolyu-t obtained. This polymer was prepared for extrac-
tion by bciniigtound in a steel capsule for one minute.
 §  =117~ tracti =39-117-A.

The dark-brown solid, DA-39-117-A, 0.1067 g., was extracted as in

DA-39-110~B with 95% ethanol. The weight loss of the polymer in the ex-

11



traction amounted to 47.72% and this material was recovered upon evaporation
of the filtrate. The recovered material had a broad melting renge, 80-100°C,
and its infrared spectrum, Appendix No. 6, again appeares similar to those
obtained from polymers mentioned previously.

9. (DA-39-118-A) Synthesis of Black, Infusible Polyazime.

4,4'-Dichlorobenzalazine, 0.5592 g. (0.0020 M) and p-xylilidene 4,4'~
dichlorodianil, 0.7051 g. (0.0020 M) were reacted in a similar manner. The
temperature was raised to 290°C and held there for thirteen hours, after
vhich time a black button was recovered. This was then ground in a steel
capsule for one minute and extracted.

10. (DA-39-118-B) Extraction of DA-39-118-A.

The black solid, DA-39-118-A, 0.1204 g., was extracted as in DA-39-112-B
with 95% ethanol. The weight loss of the polymer in the extraction amounted
to 42.217% and this material was recovered upon evaporation of the filtrate.
The recovered material had a broad melting range, 80-100°C, and its infrared
spectrum, Appendix No. 7, is very similar to the melting points and infrared
spectra obtained from extraction of those polymers examined previously.

11. (DA-39-120-A) Synthesis of Black, Infusible Polyazine.

4,4'-Dichloxobenzalazine, 0.4978 g. (0.0018 M) and p-xylilidene 4,4'-

‘ 0.6251 g. (0.0018 M) were piaced in 8 reaction tube equipped
wirh a nitrogen inlet, a side arm and a condenser. The mixture was placed

in 2 heat!l‘j\‘-t}f‘blloek and heated to 290°C and held there for thirteen hours.
l'rben the ptoiﬁm was reduced to 2 m Hg and held there for three hours.
When the reaction was completed a black, infusible button was obtained. This
was ground in a steel capsule for one minute and then extracted.

12. ~39-120-8) K ction O =39-120-4.

The black solid, DA~39-120-A, 0.0976 g., was extracted as in DA-39-118-B

12



with 95% ethanol. The weight loss of the polymer was 8.72% in the extrac-
tion. This material was not recovered.

B. Discussion.

At the present time work is continuing on this aspect of determining
molecular weights. The polymers prepared thus far and extracted will be sub-
sequently analyzed for the presence of the halogen as well as for the other
elements. If this method proves reliable it should then be possible to ob-
tain an estimate of the kinetics of the Schiff base bis-exchange condensation
reaction employed in the polyszine synthesis by similar procedures. The hope
is that the polymerizations could be carried out isothermally for varying
intervals of time, producing polymers whose molecular weight, as determined
from end group anaslyses, would increase with time. From the increasing mole~
cular weight and corresponding 53'(avetage degree of polymerization) it would

10

be possible to relate  the extent of reaction (p) with time in a kinetic

plot, knowing —
DP = 1/1‘p .

It should also be pointed out again that, as was found in synthesizing
the fluorine-tagged polyazine, the chlorine-tagged polymer evidenced a some-
what greater solubility in the melt phase than the unsubstituted polyazines.
This solubilizing factor is evidently due to the steric and/or electronic

effects of the ring-substituted halogen.

V. [Kinetic Studies on Decowposition of Yellow Polyazines Using
the Method of Freepan and Caxrroll.’

In a previous report2 the method of Freeman and Carrou5 employing
wmeasurements of slopes of polymer decomposition thermogravimetric analysis
(TGA) traces, was used to give the order of reaction and energy of activa-

tion for, the decomposition of the yellow polyazine,=£RC<C:>CH=N-N4=4_5.

13



prepared by the golution method. The reaction was calculated as first order
and the energy of activation obtained, 27.4 kcal/mole. The decomposition
reaction of the monomer, benzalazine, @CH=N-N=HC@ was determined as
first ordetu and its activation energy as 53 kcal/mole. In order to assess
the effect of substituents and particularly hydrogen bonding on the decompo-

sition, the same method of Freeman and Carroll was applied to the yellow

solution-prepared polymers:

R CH3 3
%c%@ @ﬁnw-&n and =fHC{\ =N-Nj= .
~Ci4 Hy

Briefly, the method of Freeman and Carroll is based on the following derived

expression by Anderson and Freeman.u |

Dlog (aw/dt) = xDieg W, - QE*/2.3 DAQ/T) (eq. &)
where: dw/dt = the rate of reaction
x = the order of reaction

AE* = the energy of activation

R = the gas constant

3
i

the absolute tewperature

]

W, - W (proportional to the amount of reactant)

= the weight loss at the point where dw/dt is taken

= the total weight loss sssociated with a given reaction
To av&lm. the constants in equation &, Nlog dw/dt is plotted against

log Vr ifAﬁ.m is kept constant. The order of reaction, x, is determined

from the tlope"lmd the energy of activation from the intercept of

Alog W, = 0.} A simple method of detemmining dw/dt and W, at constant

AQ/T) s to Plot the first derivatives of the primary thermogravimetric

curve and corresponding LA function of reciprocal absolute temperature.

14



A. Experimental.

H
1. Thermogravimetric Anelysis of Polymer DA-39-93, ﬁcbmfggusu-&n

Appendix No. 8 shows the TGA trace of DA-39-93. The heating rate was

5°C/minute for a 9.87 mg. sample in an inert atmosphere of nitrogen. Appen-
dix No. 9 shows the plot of the first derivative of the TGA curve as well as
W for the sample as a function of reciprocal absolute temperature. Appen-

dix No. 10 shows the plot of Nlog dw/dt as a function of /\ log We.

Cii3 3
2 exrmogravimetric 8 -39-95, =fHC =N-N=]-n

Appendix No. 11 shows the TGA trace for DA-39-95. The heating rate was

5°C/minute for a 9.93 mg. sample in an inert atmosphere of nitrogen. Appen-
dix No., 12 shows the plot of the first derivative of the TGA curve as well
- as U, for the sample as a function of reciprocal absolute temperature.
Appendix No. 13 shows the plot of/\ log dw/dt as a function of /\ log W,.
B. Calculations,
As was mentioned previously, the energy of activation (AE*) and the
order of resction (x) are calculated using the following derived equation:
Alog (dw/dt) = x Nlog W, - (AE*/2.3 RA Q/T1). (eq. 5)

These i can be obtained for DA-39-93, x = OH, and for DA-39-95,

x = m3,;®b§x@§m-a-m-n » respectively by a consideration of the

plots in Agpendix No. 10 and Appendix No. 13.

"39‘ .

Using the dsta from Appendix No. 10 to obtain A log (dw/dt) (intex-
cept at Alog W = 0) and substituting into equation 5:

i5



° M
. -2 _ O [ 0.5x103
5.62 x 10 xA1/a§ W ) 0.5 %1077

DE* = 52 kcal/mole,
Calculation of the slope of the line in Appendix No. 10 gives a reaction
order (x) of 1.29.
2. Calculation for DA-39-95.
Utilizing the data from Appendix No. 13 to obtain Dlog dw/dt (inter-

cept atAlog W, = 0) and substituting into equation 5:

o %* -3
.2 0,5 x 10
-4.5 x 10 = !Ayéwr T w3Haw ( >

AE* = 41 keal/mole.

Calculation of the slope of the line in Appendix No. 13 yields a
reaction order (x) of 1.32,

C. Discussion.

At this point we can sum up the results that have been obtained foi'
the three yellow polyazines employing the method of Freeman and Carroll to
monitor their decomposition.

Table 1

Parameters for Polyazine Decomposition

Order ..| Energy of
; Polymer Reaction| Activation
DA-39-9%
. s 1.08 25 kcal/mole
=0 (D) Clalt - W
DA-39-93
- ‘&% ;ﬁn -~ 1.29 | 52 keal/mole
DA-39-95 :
cH 3 ) )
e ﬁ —N-34 1.32 41 kcal/mole

N
en




From this data it appears that the polymer decomposition is essentially
first order as was found previously to be the case for the azine moncmer
decomposition. The order of the activation energies is what might have been
expected. The hydroxy polymer DA-39-93 requires the greatest activation
encrgy due to the presence of hydrogen bonding between the azine nitrogen and
the phenolic hydrogen. The methoxy polymer DA-39-95 requires the next
greatest activation energy due to both the bulk factor resulting from the
-0CHj3 groups in shielding the chain from attack by the probable decomposition
chain-carrying spectes, @?ﬂ:ﬂsﬂ phenyldiazomethane, and also due to the
residual hydrogen bonding resulting from the OCH,-H---N. The unsubstituted
polymer, DA-39-34, requires the lowest energy of activation in this series.
The order of magnitude for the energies of activation also parallels that of
the temperatures required for decomposition of the monomers, that is,

-Gl> -OCH3> unsubstituted.

VI. Rinetic Studies on Decomposition of Bleck Polyazines Using the
Method of Freeman and Carroll,

The method of Freeman and (:an'oll5 has provided sowe information con-
cexrning decomposition as observed in the low molecular weight yellow poly-
azines, It was therefore decided to attempt to apply this method to the
deco@mpos‘itian of the black polyazines.

A Expsiizentsl

¢ tric lyses of Black Polvazines,

Appendices Nos. 14, 15, and 16 show the thermogram traces of DA-39-43,

o
=fC- ) Clntt=Nm ; DA-39-97, 4&%&“ Sﬁ-u-u.}-n ; and DA-39-99,

Ci, 3
—ﬁcbﬂl &:ﬂ-ﬂ-}-—n respectively. All were run in a nitrogen stmosphere

at a heating rate of 5°C/minute.

17



2, Differential Thermal Analyses of Black Polyazines.

Appendices Nos. 17, 18 and 19 show the differentiasl thermal analysis
(DTA) traces for DA-39-43, DA-39-97 and DA-39-99 respectively. All were run
in a nitrogen atmosphere at a heating rate of 15°C/minute.

B, Discussion.

An examination of the TGA thermograms for these black polymers reveals
the traces for the weight loss to be somewhat different from those obtained
from the corresponding yellow polymers under the same conditions. While the
slopes for the thermograms of the black polymers are smooth and continual,
those of the yellow polymers are broken with shoulders reflecting the begin-
ning and end of the decomposition. Even more striking are the differences
in the DTA thermograms for the yellow and black samples. The DTA thermograms
for the yellow polymers exhibit strong exothermic peaks very near the tea-
peratures of maximum rate of weight loss as given by the TGA, as shown in the

previous report .2

The black polymers, however, do not reveal such sharp exo-
therms in their DTA thermograms but rather have relstively broad exotherms
which smoothly trail off at elevated temperatures actually having no maximum.
Such data seem to suggest that weight loss processes in the two types of
polymers are not quite the same, The major weight losses for the yellow poly-
mers at tempu¥) up to 400 or 450°C seem to be due mainly to the nitrogen
decomposition as ifédtuted by their TGA and DTA thermograms. However, the
black poly-!?!?vmur to have weight losses due to other factors besides
nitrogen dncéoutim. Such factors may include diffusion and vaporisation
of by-produ’ct;‘ which predominste in the TGA, giving & trace of continual and
smooth weight loss, and in the DTA giving & corresponding broad diffused

éxothem. s\;eh results, therefore, must preclude any application of the

i8



method of Freeman and Carroll5 to these polymers in attempt to monitor nitro~
gen decomposition, because of the complicating factor of the vaporization

of the occluded by-product. The yellow polymers prepared by the solution
method do not contain any occluded by-product which does result from the

Schiff base bis-exchange condensation syntheses of polyazines,

VII. Kinastic Data on Decomposition of Yellow Polyazines Using the
Method of Flynn and Wall.

A recent method for the simple and quick determination of the activation
6

energy of a pclymer decomposition has been introduced by Flynn and Wall.
This method for determining the activation energy from TGA plots involves
only the reading of the temperature at a constant weight loss from several
integral thermograms at different heating rates. An equation is derived by
Flynn and Wall, which is the basis for the determinations, relating the
energy of activation with the heating rates and corresponding temperatures
of constant weight loss.

E =« -4.,354d log /5/d 1/T (eq. 6)
vhere T = absolute temperature corresponding to

constant weight loss

f? = constant heating rate

E = energy of activation
Then, from the slope of a plot of log /3 versus 1/T at a particular constant
weight loes, the activation energy may be calculated. This method uui em-
played with the three polyazines previously tested by the method of Freeman
and Carroll.” |

A Experisental.
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1. Thermogravimetric Analysis of Polymer DA-39-34, =[ﬂc-@CH=N-N=}-n,
Employing Different Heating Rates.

Appendix No. 20 shows the decomposition of the yellow azine polymer,
DA-39-34, in nitrogen. Lines 1, 2 and 3 represent heat:lng rates of 5, 10
and 15°C per minute respectively, at constant weight losses corresponding to
A, B and C on Appendices Nos. 20 and 21, Appendix No. 21 shows the plot of

log )3 (heating rate) versus 1/T. (°K).

2. Thermogravimatric Analysis of Polymer DA-39-93 {412%;;2 CH=N-Nf}n
Employing Different Heating Rates. CH

Appendix No. 22 shows the decomposition of the yellow azine polymer,

DA-39-93, in nitrogen. Lines 1, 2 and 3 represent heating rates of 5, 10 and
25°C per minute respectively at constant weight losses corresponding to A, B
and C on Appendices Nos. 22 and 23. Appendix No. 23 shows the plot of

log‘B (heating rate) versus 1/T. (°K).

CHjy K]
3. Thermogravimetric Analysis of Polymer DA-39-95, ﬁcb{u (.‘.H=N-N=]=‘:l
Employing Different Heating Rates.

Appendix No. 24 shows the decomposition of the yellow azine polymer,

DA-39-95, in nitrogen. Lines 1, 2 and 3 represent heating rates of 10, 15
and 30°C per minute respectively at constant weight losses corresponding to
A, B and C on Appeﬁdiees Nos, 24 and 25. Appendix No. 25 shows the plot of
logp (heating rate) versus 1/T (°K). '

B, Calculations.

. For P X DA-39-34.

Utilizing Appendix No. 21 to calculate log /5/ 1/T (slope), E, the acti-

vation energy can be calculated by substitution in equation 6:

E = -4.35d1log Srd1/T
B = <4.,35 - (-8.5)
E = 37 kecal/mole.

20



The slope used is the average of the three in Appendix No. 21.

2. For Polynmer DA-39-93.

Utilizing Appendix No. 23 to calculate log /3/ 1/T (slope), E, the
activation energy can be calculated by substitution in equation 6:

E = -4.35d1log A/d /T
E = -4,35 (- 15.4)
E = 67 kcal/mole.
The slope used is the average of the three in Appendix No. 23.

3. For Polymer DA-39-95.

Utilizing Appendix No. 25 to calculate log /9/ 1/T (slope), E, the
activation energy can be calculated by substitution in equation 6:

E = -4.35d1og B/d /T
E = «4,35 . (- 12,6)
E = 55 kcal/mole.
The slope used again i8 the average of the three in Appendix No. 25,

C, Discussion.

Table 2 is a summary of the results obtained on the polymer decompo-
sition activation energies obtained by the methods of Flynn and wa116 (FW)
and Freeman and Carroll? (FC).

Table 2

The Order and Activation Enexgy
of the Decomposition of Azine Polymers

Polymer |Order (FC) |E, (FC) kcal/mole|E, (FW) kcal/mole | Eq kcal/mole

DA-39-34 | 1.08 25 37 + 12
DA-39-93 ]  1.29 52 67 + 15
DA-39-95|  1.32 41 55 e 14
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The results obtained from the method of Flynn and Wall6 give activation

energies which are uniformly 12 to 15 kcal/mole greater than those obtained
by the Freeman and Carrolls method. The reason for this discrepancy is not

clear at this.time.

VIII. Summary end Conclusions.

(13 A direct one-step method for synthesizing black high molecular
weight polyazines was demonstrated.

(2) Several new fluorine and chlorine containing azine and Schiff
base monomers were synthesized and characterized by elemental
analysis,

(3) Preliminary attempts were initiated in order to determine the

approximate molecular weights of the black azine polymers. The
method of end group analysis was selected and tagging of the poly-

mey ends was accomplished with chlorine and fluorine moieties via
the Schiff base bis-exchange reaction. The polymers so tagged

will next be analyzed for the presence of the chlorine or fluorine.

(4) The method of Freeman and Carroll was used to monitor the decompo-

sition of two yellow azine polymers; =%HC5?)) ;::;EH=N-N4=h
“CH

where X = OH and OCH3 to yield its order of reaction and energy
of activation.

(3) !hVV\tgne method of evaluation was found not to be applicable to

ﬁﬁe deédnposttion of the black azine polymers due to the incorpo~
uﬁttﬁu-ot by-products.

(6) A@tﬁd‘nt method devised by Flynn and Wall which yields the activa-
tion energies for polymer decomposition was applied to the yellow
azine polymer decomposition.
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Appendix No. 12
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